MusCLE DEVELopMEnt
All skeletal muscles of the vertebrate body are generated by somites, which are segmental structures generated from the paraxial mesoderm. During development, each somite is compartmentalized into a dermomyotome, which generates skeletal muscle and contributes to the dermis, and a sclerotome that later generates the vertebral bones and ribs. Cells of the dorsal and ventral compartment of the somite generate eventually epaxial (muscles of the back) and hypaxial (muscles of the ventral body) muscle, respectively. 1 On the particular axial levels, the ventral dermomyotome generates a migrating population of muscle precursor cells, which are released from the epithelial dermomyotome and which migrate over long distances to particular target sites, where they generate limb, tongue and diaphragm muscle. 2, 3 Myogenic differentiation of epaxial and hypaxial muscle involves similar molecular mechanisms. Expression of the homeobox and pairedbox genes Pax3/Pax7 marks progenitor cells, which constitute a source of myogenic cells for skeletal muscle formation. The basic helix-loop-helix (bHLH) factors MyoD and Myf5 are muscle-determining transcription factors and their expression manifests the differentiation from muscle progenitor to myoblast during development of epaxial and hypaxial muscle. Subsequently, these myoblasts exit the cell cycle, express the bHLH factor myogenin and fuse to make long multinucleated myotubes, the main constituent of the mature muscle (reviewed in ref. 4) .
During myogenesis, a pool of resident progenitors is maintained in all developing muscle groups. [5] [6] [7] [8] In limb muscles, a subset of precursors that migrated to the limbs is preserved from myogenic differentiation and constitutes a progenitor pool. 5 In the myotome, a progenitor population is established after the formation of the early myotome, which derives from cells that delaminate from the medial dermomyotome. [6] [7] [8] These progenitor cells are capable of proliferation, but they also have the potential to differentiate and to fuse with existing muscle fibers. They constitute the major cellular source for muscle growth during fetal and postnatal development. Late in fetal development, the progenitors form satellite cells, the stem cells of mature skeletal muscle.A number of molecular markers were described that are typically expressed in muscle progenitor cells as well as in satellite cells, like Pax7 and Pax3, and the surface molecule M-cadherin. [9] [10] [11] Until recently, the molecular mechanisms that ensure the maintenance of muscle progenitor cells and that allow the formation of satellite cells were unclear.
notCh signALing
The first reports of Notch mutants in Drosophila date back to the beginning of the 20th century. Since then, a large body of data was generated that demonstrate Notch functions in the development and the maintenance of tissues and organs, like the nervous www.landesbioscience.com Cell Cycleand vascular systems, the skin and pancreas. [12] [13] [14] 
MuLtipLE roLEs of notCh in MyogEnEsis
The somites are generated from presomitic paraxial mesoderm by segmentation, a periodically occurring process. Segmentation involves a mechanism known as "segmentation clock", which is characterized by oscillating expression of genes in the presomitic mesoderm and/or in newly formed somites. 19 Mutations in genes that encode components of the Notch signaling pathway affect the dynamic expression of the cycling genes. 20, 21 Furthermore, mice that carry null-mutations in Dll1, Dll3, Notch1, Hes7 show aberrant anterior-posterior organization of the somite and incorrect formation of segment boundary. [22] [23] [24] [25] In vitro and gain-of-function experiments in chick suggested that Notch signaling might also control myogenesis. For instance, overexpression of Dll1 in the limb bud of chick embryos arrested differentiation of muscle precursor cells. This incorrect differentiation correlated with the downregulated expression of the transcription factor MyoD, but the expression of another muscle determining gene, Myf5, was unchanged. 26, 27 Notch signaling also suppresses differentiation of cultured myogenic cells. [28] [29] [30] [31] At least two molecular mechanisms were suggested to control differentiation: RBP-J-dependent and RBP-J-independent mechanisms. Thus, Kuroda et al. demonstrated that high levels of Dll1 suppress MyoD in cultured C2C12 myoblasts. 31 This report also provided evidence that Notch-induced trans-activation of RBP-J directly regulates the transcription of Hes1, which in turn represses the expression of the muscle determining gene MyoD. However, experiments with mutant Notch receptors lacking RBP-J binding site demonstrated that Notch signals are able to block myogenic differentiation of C2C12 myoblasts also in the absence of activated RBP-J. Interestingly, RBP-J-independent suppression of differentiation does not affect MyoD expression, but results in upregulation of genes like myogenin or myosin. 30, 32 Finally, NICD can directly bind the muscle differentiation factor MEF2c and block its DNA-binding site. Given the ability of MEF2c to modulate MyoD expression, impaired transcriptional activity of MEF2c also might result in the myogenic suppression. 33 Regardless of the exact mechanism used, together these experiments demonstrate clearly that myoblasts exposed to Notch signals do not exit the cell cycle and exhibit poor myoblast fusion.
notCh/rBp-J ArE EssEntiAL to MAintAin MusCLE progEnitor CELLs
The expression of several Notch receptors and ligands suggested that Notch signaling might be important in development of the myogenic lineage. For instance, Dll1 transcripts can be detected in the myotome and in those areas of limb bud that are occupied by myogenic precursors; Notch2 and Notch3 are expressed in muscle progenitors of the limb and in the myotome (refs. 23, 34, 35 and Vasyutina E, Birchmeier C, unpublished results). Recently, genetic analyses demonstrated the critical role of Dll1, the Notch ligand, and of RBP-J, the mediator of Notch, in the maintenance of the muscle progenitor population. 36, 37 These studies became possible by the use of a conditional, cre-induced mutation of RBP-J and by the generation of a hypomorph Dll1 allele, two approaches that allowed to overcome the early embryonic lethality of the RBP-J and Dll1 mutations, respectively. The conditional RBP-J and the hypomorph Dll1 mutations resulted in strikingly similar phenotypes-an extensive and uncontrolled myogenic differentiation of muscle progenitors. This was accompanied by an enlarged population of differentiated myogenic cells, which expressed for instance MyoD and myogenin, and by a reduced numbers of progenitor cells that expressed for instance Lbx1 and Pax3 36, 37 (for the summary, see Fig. 1 ). Thus, the proportion of Pax3+/MyoD+ cells was significantly decreased, but surprisingly the proportion of Pax3+/Myf5+ cells was not altered at the onset of differentiation in RBP-J mutant embryos. 37 This is in agreement with previous experiments in which ectopic application of Delta1 in the chick limb suppressed myogenic differentiation, but did not alter Myf5 expression. 26, 27 The premature differentiation of muscle progenitors in the Dll1 or RBP-J mutant mice led to an early depletion of the myogenic progenitor pool. Therefore muscle groups did not grow continuously during the fetal period, but the muscle groups remained very small. This was observed in all muscle groups, regardless whether they were located at epaxial and hypaxial positions. 36, 37 Thus, Notch signaling is required to maintain the progenitor population in all skeletal muscle of the trunk.
Interestingly, one of the earliest changes in the forelimb of conditional RBP-J mutant mice was a massive downregulation of the transcription factor Pax7. Pax7 is a well-known marker gene for muscle progenitor cells, and regulates together with Pax3 myogenic differentiation potential. 6, 7 Pax7 is not present in limb muscle precursors of mouse at the time the cells delaminate, but its expression is upregulated after the cells reach the limb. Pax7-positive muscle progenitors do not coexpress MyoD, and represent thus a true progenitor population. In RBP-J mutant embryos, Pax7 expression was not initiated correctly. 37 This suggests that Notch signals are essential not only to suppress the premature differentiation of muscle precursors, but also might be important to regulate Pax7 and to specify aspects of the "progenitor status" of these cells.
notCh AnD sAtELLitE CELLs
Satellite cells represent the stem cells of mature muscle, which provide a cellular source for the repair of injured muscle. Late in fetal development of the fetus, muscle progenitor cells are set aside to generate satellite cells. Satellite cells assume a characteristic position between the basal lamina and the plasma membrane of muscle fibers, and can be identified by electron microscopy or by the expression of particular genes like Pax7. 38, 39 In RBP-J mutant embryos at birth, the remaining small muscle groups are deprived of satellite cells, as assessed by electron microscopy or by Pax7 expression. Residual MyoD + cells were present in the muscle at this stage, but these had already exited the cell cycle and were thus not able to contribute to muscle growth 37 (see also Fig. 1 and Fig. 2 ).
In the adult muscle, satellite cells are quiescent until the muscle is injured. Upon insult, the satellite cells are activated and transit to the actively proliferative state. Satellite cells are capable of self-renewal and can generate new satellite cells, but also can generate daughters that differentiate into fusion-competent myoblasts and repair injured fibers. Upon activation, satellite cells begin to express Myf5, and upon differentiation, they express MyoD, desmin and myogenin. Thus, the same differentiation program appears to be used during muscle development and repair. Notch signaling has been implicated in several steps during postnatal myogenesis. Ex vivo experiments showed that Notch1 is expressed in quiescent satellite cells, but the presence of NICD, a read-out of activated Notch, appears only after satellite cell activation. 40 This data suggest a role of Notch in the transition of satellite cells from quiescence to an active state. Ectopic expression of NICD promoted proliferation of satellite cells and attenuated the myogenic differentiation, i.e., upregulated Pax3 and downregulated MyoD and desmin. 40 Conversely, overexpression of Numb, a suppressor of Notch signaling, upregulated the expression of muscle differentiation genes and reduced proliferation of satellite cells ex vivo. Thus, downregulated Notch signaling in myogenic cells has similar outcomes during embryogenesis and in postnatal development-myogenic cells lose their progenitor status and adopt the fate of myoblasts. This similarity might reflect common target genes regulated by Notch to maintain the status of a progenitor cell. The group of Thomas Rando has moreover demonstrated that young and old muscles differ in the levels of Dll1 expression, and that elevation of Dll1 levels suffices to restore the regenerative capacity of aged muscle. [41] [42] [43] Application of agents that activate Notch signaling appears therefore to be an attractive possibility in the therapy of muscle disease. 
